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The general research strategy for the development of an innovative numerical sediment transport 
model applicable as engineering tool for coastal and estuarine morphodynamics is presented . It 
consists of two major steps: (1) the creation of a high-resolution hybrid model based on two-phase 
flow theory, where the model can easily be reduced to a computationally less expensive mixture theory 
model in the dilute part of the domain; (2) a scale analysis and the development of a strategy to 
upscale the high-resolution strategy to a coarse scale model applicable to large-scale 3D engineering 
problems. 
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1. Introduction 
 
The mismatch between sediment transport models and experimental data lies at the basis of the 
research efforts of the authors. Despite all the efforts since Rouse [1], at present it is still impossible to 
reproduce all the details (especially near the bed) of measured sediment concentration profiles in 
steady uniform flume experiments for non-dilute conditions. 
The basic principles and motivation for the development of a hybrid model combining advantages 
of mixture theory and two-phase flow theory have been presented during the previous THESIS 
Workshop [2]. The main goal is the development of a computationally effective 3-dimensional 
sediment transport model applicable to large coastal and estuarine areas (implemented in the 
OpenTELEMAC software), accounting for high-concentrated near-bottom sediment transport 
phenomena (bed load transport, sheet flow and density currents) in a less empirical way by 
considering all the energy dissipation mechanisms in a more physical way. 
The development of the large-scale model starts from a small domain 2DV model with a high 
resolution vertical mesh, fine enough to capture the details of the flow in the low-Reynolds inner 
boundary layer above the bed where most of the transported sediment is found. This fine-scale model 
is used to generate numerical data to complement the very few usable experimental data on non-dilute 
sediment transport. 
 
2. Basic Equations 
 
The basic set of equations consists of the continuity equation, mass conservation of the sediment, 
the conservation of momentum for the mixture, a drift velocity closure and a turbulence closure 
model. There are different options to define these equations, depending on the choice of independent 
variables and the choice of averaging of the turbulent fluctuations in time. Although the ensemble-
averaged form yields mathematically the simplest formulation, as proposed initially [2], eventually, 
preference is given to a Reynolds-averaged form expressed in terms of fluid velocity u and particle lag 
velocity w v u= −  (with v the particle velocity). The main motivation for this choice is the validation 
with experimental data. 
 
 
28 29
 Two-pHase modElling for Sediment dynamIcS in geophysical flows  THESIS-2016 
September 12-14, 2016, Tokyo – Japan 
Organizing committees 
 
 
International Scientific Committee 
 
Balachandar, S. (University of Florida, USA) 
Blondeaux, P. (University of Genova, Italy) 
Brocchini, M. (Università Politecnica delle Marche, Italy) 
Dong, P. (University of Dundee, U.K.) 
Elghobashi, S. (University of California Irvine, USA) 
Guillou, S. (University of Caen, France) 
Hsu, T.J. (University of Delaware, USA) 
Izumi, N. (Hokkaido University, Japan) 
Jenkins, J. T. (Cornell University, USA) 
Meiburg, E. (University of California, USA) 
Nguyen, K.D. (Laboratory for Hydraulics Saint-Venant, France) 
Pham Van Bang, D. (Laboratory for Hydraulics Saint-Venant, France) 
Shimizu, Y. (Hokkaido University, Japan) 
Sim in, O. (Institut National Polytechnique de Toulouse, France) 
Soldati, A. (University of Udine, Italy) 
Toorman, E.A. (KU Leuven, Belgium) 
Uhlmann, M. (KIT Karlsruhe, Germany) 
Wang, G.Q. (Tsing-Hua University, China) 
 
Local Organizing Committee 
 
Fukuoka, S. (Chair) (Chuo University) 
Gotoh, H. (Kyoto University) 
Izumi, N. (Hokkaido University) 
Kajishima, T. (Osaka University) 
Kashiyama, K. (Chuo University) 
Mizuyama, T. (National Graduate Institute for Policy Studies) 
Nakagawa, H. (Kyoto University) 
Sakai, M. (The University of Tokyo) 
Sato, S. (The University of Tokyo) 
Sekine, M. (Waseda University) 
Shimizu, Y. (Hokkaido University) 
Ushijima, S. (Kyoto University) 
Uchida, T. (Secretary) (Chuo University) 
 
 
Secretariat 
Research and Development Initiative (RDI), Chuo University 
 
 
2.1. Instantaneous equations 
The instantaneous continuity (mass conservation) and momentum conservation for the suspension 
are obtained by summing up the equations for each phase, multiplied by their volumetric fraction: 
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In addition, one needs to solve the mass balance equation to obtain the solids concentration: 
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and a closure equation for the lag velocity. The latter can be either obtained from a particle force 
balance, or (preferably) from elimination of the pressure between the two phase momentum equations, 
which after some rearrangement can be written as:  
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with: f = the phase interaction force. Notice that the LHS of Eq.(4) is exactly the extra term in Eq.(2). 
Equation (2) clearly shows the extra term in the RHS of the momentum transfer due to the velocity 
lag, which is missing in the currently applied traditional sediment transport models in engineering 
software. As it is proportional to the solids concentration, it is indeed of second order as long as the 
concentrations are low. And since the high-concentrations usually are restricted to a subgrid scale thin 
near-bed layer, it may seem justified to ignore it, since it is assumed to be corrected by the bedload 
transport closure used to compute the near-bed sediment concentration boundary condition. Notice 
that in this approach the velocity lag closure reduces to replacing the lag velocity by the settling 
velocity, usually taken as a (semi-empirical) constant value. 
 
2.2. Time-averaged equations 
The real problems start when applying time-averaging to the above equations. Since Reynolds-
averaging is the most straightforward technique in data-processing of experimental data, it is preferred  
to apply this also to the above equations, in order to allow validation. The relative particle flux ( wφ ) 
then leads to an average flux and a so-called turbulent drift flux, which traditionally is modelled as a 
diffusive flux, following the Boussinesq hypothesis. Notice that it makes a difference here when the 
lag velocity is defined relative to the instantaneous or the Reynolds-averaged fluid velocity. The latter 
will reduce the number of terms. Again, it is the extra lag term in the RHS of Eq.(2) that generates the 
problems. The other terms will produce the well-known RANS equation with appearance of the 
Reynolds stress terms. The same terms of Eq.(2) also allow to construct the traditional k-epsilon 
turbulence closure model, including the buoyancy term originating from the fluctuating suspension 
density ρ. The extra term in the RHS of Eq.(2) leads to the many extra terms in the two-phase version 
of the k-epsilon turbulence model [3], most of which are practically impossible to evaluate. 
Ultimately, the major problem remains the closure for the phase interaction force term [4]. 
 
3. Energy Considerations 
 
3.1. Suspension capacity 
The mismatch between sediment transport models and the experimental flume data of Cellino [5] 
has been a major concern to the authors for many years [6, 7]. While some published simulations give 
the impression that it can be simulated, one important validation step has not been dealt with: 
turbulence and buoyancy effects. When processing the unique data of turbulent fluctuations of the 
sediment concentrations and the turbulent fluxes, it turns out that the flux Richardson number (the 
ration of gravity to turbulent suspension force) is of the order 0.03, which is about one order of 
magnitude lower than the famous value of 0.25, known from thermal stratification studies [8]. 
Application of the new suspension capacity criterion of Toorman [6] to other data, including river 
data, confirmed these low values of flux Richardson numbers. The physical meaning of this 
observation has important implications: the suspended load transport is carried by only order 10% of 
the available energy, which implies that the remaining 90% is consumed by the non-dilute near-
bottom transport. Subsequently, the near-bottom boundary conditions for turbulence for the suspended 
load transport, which are not adapted from the well-known wall-functions for clear water, yield a 
significant overprediction of the actual turbulence. Therefore, 3D engineering sediment transport 
models, which commonly use the k-epsilon turbulence model for the vertical turbulent entrainment of 
sediment particles require new near-bottom boundary condition treatment. 
 
3.2. Low-Reynolds turbulence modelling 
The data of Cellino show that non-dilute conditions prevail in the lowest 2-3 cm in his 
experiments, characterized by turbulence which is no longer fully-developed and therefore require a 
low-Reynolds modelling approach. A two-layer low-Reynolds modelling technique is under 
development and tested in the fine-scale 2DV model. It solves a low-Reynolds mixing-length type 
model in the bottom layer and a low-Reynolds k-epsilon model in the rest of the water column [2]. In 
view of future applications where considerably thick gravity currents of sand or fluid mud need to be 
simulated, an attempt is made to define new wall-distance free damping functions, different from what 
has been proposed previously in the literature (e.g. [9]), since the latter do not consider the correct 
asymptotic behavior towards the laminar sublayer. The basic formulation of the new damping 
functions is done by analysis of various DNS data for open-channel flow up to (shear velocity based) 
Reynolds numbers of 4000. This reveals a singularity in the “constant” σk in the turbulent diffusion 
term of the k-equation in the transient region, causing numerical stability problems when this transient 
region falls within the numerical grid where the k-epsilon equations are solved. This numerical 
problems needs to be resolved before further progress can be made.  
Moreover, the latest high-Re DNS results as well as the Princeton Super Pipe Facility 
experimental data [10] both reveal significant Reynolds number dependence of the previously though 
standard “constants” of the k-epsilon model. 
 
3.3. Bottom friction 
Another important parameter in sediment transport modelling is the bottom friction which 
governs the relation between flow field, bed shear stress and turbulence production by shear flow. 
Two scaling problems appear: The first one deals with the definition of the bottom level, i.e. the level 
where the non-slip flow velocity is imposed. This is best illustrated by considering flow over sediment 
ripples in combination with the thickness of the non-dilute suspension layer. This leads to the second 
scaling problem, i.e. the scale of bed form length relative to the distance of the order 102-103 m 
between neighboring grid points in a morphodynamic model of a coastal area. It is clear that the 
detailed flow over these ripples cannot be resolved, and hence, neither the actual non-dilute suspension 
transport. Therefore, ultimately, the model results from the fine-scale 2DV model need to be upscaled 
in a final step before being usable in a large scale model. The subgrid method proposed by Volp [11] 
will be investigated 
That this will be possible is encouraged by the successful implementation of a depth-integrated 
form of the proposed improved drag coefficient predictor into a 2DH morphodynamic model for the 
Belgian coast and the Scheldt estuary [4]. This new physics-based friction model is based on matching 
30 31
2.1. Instantaneous equations 
The instantaneous continuity (mass conservation) and momentum conservation for the suspension 
are obtained by summing up the equations for each phase, multiplied by their volumetric fraction: 
 
 
( )
0j j
j
u w
x
φ∂ +
=
∂
 (1) 
 
( )(d
d
)d
d
i i jij i
iz p
i j j
i
u w wwp
g
x x t x
u
t
σ
ρ ρ δ ρ φ ∂ +∂∂= − + + − +
∂ ∂ ∂
    
 (2) 
 
where (1 )
w s
ρ φ ρ φρ= − + , the suspension density, p = the pressure, and the material derivative, 
advected with the fluid d
d
(. )
j
j
t t x
u
∂ ∂
= +
∂ ∂
. 
In addition, one needs to solve the mass balance equation to obtain the solids concentration: 
 
 
( )( )
0j j
j
u w
t x
φφ ∂ +∂
+ =
∂ ∂
 (3) 
 
and a closure equation for the lag velocity. The latter can be either obtained from a particle force 
balance, or (preferably) from elimination of the pressure between the two phase momentum equations, 
which after some rearrangement can be written as:  
 
 
( ) ( )(d
d
) d
d 1
i i ji
p w iz
j
i i
u w ww
g
t x
u f
t
ρ ρ ρ δφ φ
∂
+ = − +
∂
 +  
−    
−  
 (4) 
 
with: f = the phase interaction force. Notice that the LHS of Eq.(4) is exactly the extra term in Eq.(2). 
Equation (2) clearly shows the extra term in the RHS of the momentum transfer due to the velocity 
lag, which is missing in the currently applied traditional sediment transport models in engineering 
software. As it is proportional to the solids concentration, it is indeed of second order as long as the 
concentrations are low. And since the high-concentrations usually are restricted to a subgrid scale thin 
near-bed layer, it may seem justified to ignore it, since it is assumed to be corrected by the bedload 
transport closure used to compute the near-bed sediment concentration boundary condition. Notice 
that in this approach the velocity lag closure reduces to replacing the lag velocity by the settling 
velocity, usually taken as a (semi-empirical) constant value. 
 
2.2. Time-averaged equations 
The real problems start when applying time-averaging to the above equations. Since Reynolds-
averaging is the most straightforward technique in data-processing of experimental data, it is preferred  
to apply this also to the above equations, in order to allow validation. The relative particle flux ( wφ ) 
then leads to an average flux and a so-called turbulent drift flux, which traditionally is modelled as a 
diffusive flux, following the Boussinesq hypothesis. Notice that it makes a difference here when the 
lag velocity is defined relative to the instantaneous or the Reynolds-averaged fluid velocity. The latter 
will reduce the number of terms. Again, it is the extra lag term in the RHS of Eq.(2) that generates the 
problems. The other terms will produce the well-known RANS equation with appearance of the 
Reynolds stress terms. The same terms of Eq.(2) also allow to construct the traditional k-epsilon 
turbulence closure model, including the buoyancy term originating from the fluctuating suspension 
density ρ. The extra term in the RHS of Eq.(2) leads to the many extra terms in the two-phase version 
of the k-epsilon turbulence model [3], most of which are practically impossible to evaluate. 
Ultimately, the major problem remains the closure for the phase interaction force term [4]. 
 
3. Energy Considerations 
 
3.1. Suspension capacity 
The mismatch between sediment transport models and the experimental flume data of Cellino [5] 
has been a major concern to the authors for many years [6, 7]. While some published simulations give 
the impression that it can be simulated, one important validation step has not been dealt with: 
turbulence and buoyancy effects. When processing the unique data of turbulent fluctuations of the 
sediment concentrations and the turbulent fluxes, it turns out that the flux Richardson number (the 
ration of gravity to turbulent suspension force) is of the order 0.03, which is about one order of 
magnitude lower than the famous value of 0.25, known from thermal stratification studies [8]. 
Application of the new suspension capacity criterion of Toorman [6] to other data, including river 
data, confirmed these low values of flux Richardson numbers. The physical meaning of this 
observation has important implications: the suspended load transport is carried by only order 10% of 
the available energy, which implies that the remaining 90% is consumed by the non-dilute near-
bottom transport. Subsequently, the near-bottom boundary conditions for turbulence for the suspended 
load transport, which are not adapted from the well-known wall-functions for clear water, yield a 
significant overprediction of the actual turbulence. Therefore, 3D engineering sediment transport 
models, which commonly use the k-epsilon turbulence model for the vertical turbulent entrainment of 
sediment particles require new near-bottom boundary condition treatment. 
 
3.2. Low-Reynolds turbulence modelling 
The data of Cellino show that non-dilute conditions prevail in the lowest 2-3 cm in his 
experiments, characterized by turbulence which is no longer fully-developed and therefore require a 
low-Reynolds modelling approach. A two-layer low-Reynolds modelling technique is under 
development and tested in the fine-scale 2DV model. It solves a low-Reynolds mixing-length type 
model in the bottom layer and a low-Reynolds k-epsilon model in the rest of the water column [2]. In 
view of future applications where considerably thick gravity currents of sand or fluid mud need to be 
simulated, an attempt is made to define new wall-distance free damping functions, different from what 
has been proposed previously in the literature (e.g. [9]), since the latter do not consider the correct 
asymptotic behavior towards the laminar sublayer. The basic formulation of the new damping 
functions is done by analysis of various DNS data for open-channel flow up to (shear velocity based) 
Reynolds numbers of 4000. This reveals a singularity in the “constant” σk in the turbulent diffusion 
term of the k-equation in the transient region, causing numerical stability problems when this transient 
region falls within the numerical grid where the k-epsilon equations are solved. This numerical 
problems needs to be resolved before further progress can be made.  
Moreover, the latest high-Re DNS results as well as the Princeton Super Pipe Facility 
experimental data [10] both reveal significant Reynolds number dependence of the previously though 
standard “constants” of the k-epsilon model. 
 
3.3. Bottom friction 
Another important parameter in sediment transport modelling is the bottom friction which 
governs the relation between flow field, bed shear stress and turbulence production by shear flow. 
Two scaling problems appear: The first one deals with the definition of the bottom level, i.e. the level 
where the non-slip flow velocity is imposed. This is best illustrated by considering flow over sediment 
ripples in combination with the thickness of the non-dilute suspension layer. This leads to the second 
scaling problem, i.e. the scale of bed form length relative to the distance of the order 102-103 m 
between neighboring grid points in a morphodynamic model of a coastal area. It is clear that the 
detailed flow over these ripples cannot be resolved, and hence, neither the actual non-dilute suspension 
transport. Therefore, ultimately, the model results from the fine-scale 2DV model need to be upscaled 
in a final step before being usable in a large scale model. The subgrid method proposed by Volp [11] 
will be investigated 
That this will be possible is encouraged by the successful implementation of a depth-integrated 
form of the proposed improved drag coefficient predictor into a 2DH morphodynamic model for the 
Belgian coast and the Scheldt estuary [4]. This new physics-based friction model is based on matching 
30 31
the above mentioned low-Reynolds mixing-length model with velocity profiles for clear water of 
smooth and rough surfaces, as well as the experimental flume data for sand transport of Cellino, 
therefore also accounting for the energy dissipation by transport and interparticle friction of the 
sediments. 
 
4. Conclusions 
 
This extended abstracts presents an overview of the ambition of the KU Leuven Sediment 
Mechanics research group to develop a sediment transport model that can properly account for the 
different energy dissipation mechanisms which occur in nature. 
Progress is hampered in the first place by lack of reliable experimental data of separate turbulent 
fluctuations of fluid and particles in non-dilute conditions. Furthermore, scale effects need to be 
overcome by subgrid scale models which can incorporate turbulence production over topographic 
features and bed forms and in the wake of particles. Preliminary results indicate that the proposed 
multi-scale modelling approach can indeed improve sediment transport predictions. 
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